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Pseudorabies virus (PrV) glycoprotein gE is a nonessential glycoprotein involved in virulence and spread of the virus. It also
has an important, yet unknown, function during antibody-induced capping of viral glycoproteins on the plasma membrane of
PrV-infected swine kidney cells. In the present study, it was shown, by the use of a PrV strain expressing a truncated gE
glycoprotein, that the cytoplasmic tail of gE is of significant importance for viral glycoprotein capping to occur. In addition,
using PrV strains carrying point mutations in the cytoplasmic tail of gE, it was demonstrated that two tyrosine-based motifs
are very important for correct functioning of gE during viral glycoprotein capping. Furthermore it was shown that genistein
and tyrphostin, two tyrosine kinase activity inhibitors, inhibit viral glycoprotein capping in a concentration-dependent manner.
In conclusion, it can be stated that efficient antibody-induced viral glycoprotein capping requires the presence of two YxxL
sequences in the cytoplasmic tail of glycoprotein gE, as well as the activation of a tyrosine phosphorylation signal
transduction pathway. © 1999 Academic Press
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(INTRODUCTION
Pseudorabies virus (PrV) is a member of the Alphaher-
esvirus subfamily. It causes Aujeszky’s disease in its
atural host, the pig. The disease is characterized by
ervous signs, respiratory disorders, and reproductive
ailures, mainly abortions. Immunity raised by vaccina-
ion is not efficient enough for both complete inhibition of
iral replication at the primary replication site and block-
ng of virus spread via the blood to prevent abortion
Wittmann et al., 1980; Nauwynck and Pensaert, 1992).
auwynck and Pensaert (1992) showed that infected
onocytes act as virus carriers, transporting the virus via
he blood to different organs, including the pregnant
terus. How these infected monocytes survive in the
lood of vaccinated animals is not very well understood.
PrV encodes $11 glycoproteins, 10 of which can be
ound in the virion envelope (Mettenleiter, 1994). Upon
nfection of a cell, newly synthesized viral glycoproteins
re expressed in the plasma membrane, where they are
ecognized by the immune system (Ben-Porat et al.,
986). Interactions between PrV-specific antibodies and
embrane-anchored viral glycoproteins may induce
hagocyte- and complement-mediated lysis of the cell
Ben-Porat et al., 1986).
Earlier studies showed that addition of virus-spe-
ific antibodies to PrV-infected swine kidney (SK) cells
1 To whom reprint requests should be addressed at Laboratory of
irology, Faculty of Veterinary Medicine, University of Ghent, Salisbury-
aan 133, B-9820 Merelbeke, Belgium. Fax: 32 9 264 74 95. E-mail:
1ans.Nauwynck@rug.ac.be.
141n vitro induces a redistribution of the plasma mem-
rane-anchored viral glycoproteins. Shortly after anti-
ody addition, the glycoproteins aggregate passively
nto clusters (patches). The size of the patches in-
reases gradually, and once a minimum size is
eached, the patches move toward one side of the cell
orming a cap. Actin-mediated contraction of the cap
esults in detachment of the cap (extruded cap) and
inally in shedding of the cap into the surrounding
edium, leaving a viable cell with no visually detect-
ble levels of viral glycoproteins on its plasma mem-
rane (Favoreel et al., 1997). A similar mechanism in
ivo may hide the infected cell from being recognized
y phagocytes and factors of the complement system.
By the use of PrV strains carrying deletions in the
enes coding for different viral glycoproteins, an im-
ortant role for the gE:gI complex during viral glyco-
rotein capping was demonstrated that could only
artially be contributed to the gE:gI Fc-receptor activity
Favoreel et al., 1997). A lot of recent research has
ocused on the role of the cytoplasmic tail of viral
lycoproteins in a variety of processes. The cytoplas-
ic domains of influenza virus hemagglutinin and the
arainfluenza virus type 3 fusion protein have already
een shown to be essential for the antibody-induced
apping of these proteins (Lydy and Compans, 1993).
lso the cytoplasmic tail of PrV gE has been shown to
e of significant importance in determining the viru-
ence of the virus in vivo as well as in determining the
pontaneous endocytosis of the glycoprotein in vitro
Tirabassi et al., 1997; Tirabassi and Enquist, 1998,
999). In the current study, we have investigated the
0042-6822/99 $30.00
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142 FAVOREEL, NAUWYNCK, AND PENSAERTole of the cytoplasmic tail of gE in antibody-induced
apping of PrV glycoproteins. We show that truncation
f the gE tail abrogates PrV glycoprotein capping and,
y using point mutated PrV strains, that two tyrosine-
ased amino acid motifs in the cytoplasmic tail of gE
re responsible for this phenomenon. These observa-
ions together with earlier results of Tirabassi et al.,
ho studied the role of the cytoplasmic tail of PrV gE
n virulence and endocytosis (Tirabassi et al., 1997;
irabassi and Enquist, 1998, 1999), and of Olson and
rose (1997), who studied the role of the cytoplasmic
ail of the related varicella-zoster virus gE during en-
ocytosis of this glycoprotein, suggest that viral gly-
oprotein gE (together with gI) not only acts as an
c-receptor (Litwin et al., 1992; Favoreel et al., 1997)
ut is also of significance in transducing signals to the
nfected cell.
RESULTS
he cytoplasmic tail of gE is redundant for plasma
embrane expression but is important for viral
lycoprotein capping
In these experiments, pseudorabies virus strain
ecker (Be), its gE-deleted mutant (Be 91), and its mutant
FIG. 1. Levels of expression of full-length, truncated, and point mutate
ere incubated with rabbit polyclonal antibodies against gE for 1 h. C
nalyzed by flow cytometry. Fluorescence intensity histograms are sh
dash/dotted line), Be 107-infected (dashed line, A), Be 104-infected (
dashed line, D).xpressing a membrane-anchored gE glycoprotein trun- cated just before the transmembrane region (Be 107)
ere used. Levels of expression of the full-length and
runcated gE on SK cell surfaces were compared by
sing a rabbit polyclonal antibody against gE and flow
ytometry (Fig. 1). As expected, no gE expression was
bserved when cells were inoculated with strain Be 91.
urprisingly, inoculation of SK cells with Be 107 resulted
n a twofold increase in gE expression on the plasma
embrane compared with wild-type Be-infected cells. To
nvestigate the role of the cytoplasmic domain of gE on
he ability of viral glycoproteins to undergo antibody-
nduced redistribution on the cell surface, we compared
he surface fluorescence patterns of the glycoproteins
fter incubation with bivalent antibodies at 37°C for 2 h.
either mutants affected viral glycoprotein patching.
ells inoculated with Be 107 showed decreased viral
lycoprotein capping comparable with the decrease ob-
erved in cells inoculated with Be 91 (Table 1).
wo tyrosine residues inside the cytoplasmic tail of
E are important for antibody-induced viral
lycoprotein capping
To determine whether the importance of the cytoplas-
ic tail of gE during viral glycoprotein capping may be
n cell surfaces of PrV-infected SK cells. PrV-infected SK cells (13 h p.i.)
ere fixed and stained with FITC-labeled goat a-rabbit antibodies and
r mock-infected (shaded plot), Be-infected (solid line), Be 91-infected
line, B), Be 105-infected (dashed line, C), and Be 106-infected cellsd gE o
ells w
own fo
dashedontributed to the tyrosine residues in the YxxL se-
q
w
t
a
p
e
b
p
c
c
g
g
1
t
p
p
s
o
t
e
P
o
c
t
r
i
w
o
b
A
h
d
c
a
u
d
f
a
g
t
g
d
T
g
t
t
a
a
d
d
B
B
B
B
B
B
a
M
B
B
B
B
B
B
d
143gE-MEDIATED REDISTRIBUTION OF PrV GLYCOPROTEINSuences at amino acid positions 478 and/or 517, SK cells
ere inoculated with PrV strains carrying point muta-
ions (with replacement of tyrosine by serine) at amino
cid positions 478 (Be 104) or 517 (Be 106) or both
ositions (Be 105). None of the three mutants affected
ither the level of gE expression on the plasma mem-
rane (Fig. 1) or antibody-induced viral glycoprotein
atching. Cells inoculated with Be 105 showed a de-
rease in antibody-induced viral glycoprotein capping
omparable with the decrease observed when deleting
E completely or deleting the entire cytoplasmic tail of
E (Table 1). Cells inoculated with either Be 104 or Be
06 showed an intermediate reduction in viral glycopro-
ein capping (Table 1). These results show that the im-
ortance of the cytoplasmic tail of gE during viral glyco-
rotein capping lies within the presence of two YxxL
equences at amino acid positions 478 and 517. More-
ver they show that replacement of either one of the
yrosines in these sequences results in a reduction in
fficiency of viral glycoprotein capping.
oint mutations in or removal of the cytoplasmic tail
f gE do not affect gE:gI Fc-receptor activity
To evaluate whether the decrease in viral glycoprotein
apping observed when using the gE tail-minus or gE
yrosine-point-mutated strains was due to a reduced Fc-
eceptor activity of the gE:gI-complex, SK cells were
noculated with the different Becker strains for 13 h. Cells
ere washed and incubated for 1 h at 37°C with 0.4 mg
f swine immunoglobulin G (IgG) per milliliter that had
een protein G purified from PrV-negative swine serum.
fterward, the cells were washed, fixed with formalde-
yde, washed again, and incubated for 45 min with 1/30
iluted rabbit a-swine-FITC at room temperature. Finally,
ells were washed, and the fluorescence intensity was
nalyzed by flow cytometry. Table 2 shows that only the
se of the Be gE-minus (Be 91) mutant results in a
T
Role of the Tyrosine Residues in the Cytoplasmic Tail of g
Strain
gE
Form
Amino acid at pos
478
ecker Intact Tyrosine
e 91 Deleted —
e 107 Tail-minus —
e 105 Pointmutated Serine
e 104 Pointmutated Serine
e 106 Pointmutated Tyrosine
a The values represent means 6 SD of triplicate assays. Significant
sterisks (*P , 0.05; **P , 0.01).ecrease in gE:gI IgG-binding activity, as observed be- (ore (Favoreel et al., 1997). None of the other mutants
ffected gE:gI Fc-receptor activity.
In conclusion, we can state that the reduction in viral
lycoprotein capping, observed when substituting two
yrosine residues in the cytoplasmic tail of glycoprotein
E by serine residues, cannot be contributed to a re-
uced IgG binding capacity of the gE:gI complex.
yrosine phosphorylation is important for viral
lycoprotein capping
To evaluate whether a tyrosine phosphorylation signal
ransduction pathway is involved during viral glycopro-
ein capping, two specific inhibitors of tyrosine kinase
ctivity, genistein (Sigma Chemical Co., St. Louis, MO)
nd tyrphostin 25 (Sigma Chemical Co.), were added at
ifferent concentrations (0–50 mg/ml) 1 h before and
uring incubation of PrV-infected cells with antibodies.
e Antibody-Induced Redistribution of Viral Glycoproteinsa
Cells with capped viral
glycoproteins (%)
Cells with an
extruded cap (%)
e 38.9 6 2.2 12.2 6 0.3
15.4 6 1.9** 3.1 6 0.8**
15.6 6 2.3** 2.6 6 1.7*
12.6 6 1.8** 2.5 6 1.8*
e 22.6 6 4.9* 4.8 6 2.4*
24.9 6 3.0* 4.9 6 1.4*
ces from the Becker parental strain within a column are indicated by
TABLE 2
IgG-Binding Capacity of SK Cells Inoculated
with Different PrV Strainsa
Strain
gE
Relative fluorescence
intensity compared
to Becker strain (100)Form
Amino acid at
position
478 517
ock 0
ecker Intact Tyrosine Tyrosine 100
e 91 Deleted — — 63.2 6 1.7*
e 107 Tail-minus — — 102.6 6 6.5
e 105 Pointmutated Serine Serine 95.9 6 1.3
e 104 Pointmutated Serine Tyrosine 105.1 6 1.5
e 106 Pointmutated Tyrosine Serine 96.1 6 8.4
a The values represent means 6 SD of triplicate assays. Significant
ifferences from the Becker parental strain are indicated by an asteriskABLE 1
E in th
ition
517
Tyrosin
—
—
Serine
Tyrosin
Serine
differen*P , 0.01).
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144 FAVOREEL, NAUWYNCK, AND PENSAERTddition of genistein or tyrphostin 25 had no effect on
ell viability or viral glycoprotein patching but signifi-
antly reduced viral glycoprotein capping in a concen-
ration-dependent manner (Figs. 2 and 3); this indicates
hat tyrosine phosphorylation is critical for polarization of
atches toward a cap. To determine whether the low
ercentages of viral glycoprotein capping observed us-
ng the different gE mutants are due to some spontane-
us, passive capping of viral glycoproteins, we repeated
he same experiments using the gE-truncated PrV strain
Be 107). Figures 2 and 3 show that the low levels of
apping observed using strain Be 107 cannot be inhib-
ted by the addition of genistein or tyrphostin 25; this
ndicates that these are background levels of viral gly-
oprotein capping.
DISCUSSION
The cytoplasmic tail of several viral glycoproteins of a
FIG. 2. Tyrosine phosphorylation is necessary for viral glycoprotein c
ifferent concentrations of the tyrosine kinase activity inhibiting geniste
ere added for 2 h. (A) The percentage of capped cells. (B) The perce
ssays.ariety of viruses has been shown to be of importance in iifferent aspects of virus–cell and virus–host interactions
uch as viral glycoprotein endocytosis (Roswell et al.,
995; Sauter et al., 1996; Olson and Grose, 1997; Tira-
assi and Enquist, 1998, 1999), virion incorporation
Freed and Martin, 1996; Januszeski et al., 1997; Cath-
men et al., 1998), and control of virus-induced cell fu-
ion (Bagai and Lamb, 1996, Cathomen et al., 1998,
anuszeski et al., 1997) as well as antibody-induced cap-
ing of certain viral glycoproteins (Lydy and Compans,
993). Earlier studies already showed that the cytoplas-
ic tail of PrV gE is important in virus virulence but
edundant for gE-mediated virus spread (Tirabassi et al.,
997).
In the present report, we show that truncation of the
ytoplasmic tail of PrV gE abrogates antibody-induced
iral glycoprotein capping. This phenomenon cannot be
xplained by a reduced expression of gE on the plasma
embrane because flow cytometric analysis showed an
. Be (n) or Be 107 (F)-infected SK cells (12 h p.i.) were incubated with
h at 37°C. Afterward, FITC-labeled porcine PrV polyclonal antibodies
of cells with an extruded cap. The data are means 6 SD of triplicateapping
in for 1
ntagencreased expression of truncated gE on the plasma
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145gE-MEDIATED REDISTRIBUTION OF PrV GLYCOPROTEINSembrane compared to wild-type gE. Neither can the
educed capacity of the truncated gE to induce viral
lycoprotein capping be explained by a reduced Fc-
eceptor activity of the gE:gI complex.
By using PrV strains carrying point mutations in the
ytoplasmic tail of gE, we demonstrated that two YxxL
equences are very important for proper functioning of
E during viral glycoprotein capping. Removing either
ne of the tyrosine residues gave a reduction in capping,
hereas replacing both resulted in a decrease, compa-
able with the decrease observed when deleting gE
ntirely. The YxxL sequences are known to be dispen-
ible for gE-mediated virus virulence (Tirabassi and En-
uist, 1999), but the tyrosine residue at amino acid po-
ition 478 has been shown to be essential for spontane-
us endocytosis of gE from the plasma membrane
uring early stages of infection (#6 h p.i.) (Tirabassi and
nquist, 1999). Similarly, the one YxxL sequence in the
ytoplasmic tail of gE of the related alphaherpesvirus
aricella-zoster virus has been shown to be essential for
FIG. 3. Tyrosine phosphorylation is necessary for viral glycoprotein c
ifferent concentrations of the tyrosine kinase activity inhibiting tyrp
ntibodies were added for 2 h. (A) The percentage of capped cells. (B)
riplicate assays.pontaneous endocytosis of the glycoprotein from the tlasma membrane (Olson and Grose, 1997). It is impor-
ant to clearly discriminate gE endocytosis during early
tages of virus infection and viral glycoprotein capping
ecause they are totally different phenomena. One very
mportant difference is that gE endocytosis is a sponta-
eous process, whereas gE-mediated viral glycoprotein
apping has to be triggered by the addition of antibodies.
he addition of antibodies leads to passive aggregation
f viral glycoproteins, which in turn ‘‘activates’’ the cell
nd the cellular cytoskeleton, leading to viral glycopro-
ein capping. So although the YxxL sequence in the
ytoplasmic tail may have a spontaneous function during
arly stages of infection, aggregation of different YxxL
equences by the addition of antibodies may activate a
ompletely different function of the sequence.
In addition, we showed that viral glycoprotein capping
epends on the activation of a tyrosine phosphorylation
ignal transduction pathway because both genistein and
yrphostin 25, two specific inhibitors of tyrosine kinase
ctivity, reduce viral glycoprotein capping in a concen-
. Be (n) or Be 107 (F)-infected SK cells (12 h p.i.) were incubated with
25 for 1 h at 37°C. Afterward, FITC-labeled porcine PrV polyclonal
rcentage of cells with an extruded cap. The data are means 6 SD ofapping
hostin
The peration-dependent manner. However, a complete inhibi-
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146 FAVOREEL, NAUWYNCK, AND PENSAERTion of viral glycoprotein capping was never achieved.
here was always a small percentage of cells with
apped viral glycoproteins remaining not only when us-
ng even high concentrations of tyrosine kinase inhibiting
eagents but also when using the gE null mutant or the
E tail-less mutant or by the addition of high concentra-
ions of sodium azide (which inhibits all energy-depen-
ent processes, Favoreel et al., 1997). The most simple
xplanation for this observation is that some spontane-
us, passive capping of viral glycoproteins occurs, which
annot be blocked by any means.
All these data together show that the process of
ntibody-induced viral glycoprotein capping shows
trong similarities with bivalent antigen-induced cap-
ing and internalization of antigen-receptors on lym-
hocytes, a well-studied process involved in lympho-
yte activation (Patya et al., 1993; Shimo et al., 1993;
auen et al., 1994; Luton et al., 1994; D’Ambrosio et al.,
996). Upon cross-linking of antigen receptors, a ty-
osine kinase (p59fyn) binds to these receptors. This
nduces phosphorylation of the tyrosine residues in
wo very conserved YxxL sequences in their cytoplas-
ic tail (ARAM sequences, antigen recognition activa-
ion motif), which leads to binding of another tyrosine
inase (ZAP-70), and the activation of a complex signal
ransduction pathway (Reth, 1989; Gauen et al., 1994).
his signalling pathway finally leads to microfilament
ssembly (conversion of G actin to F actin) necessary
or receptor capping to occur (Melamed et al., 1991).
ur results show that at least some of the initial steps
eading to viral glycoprotein capping show interesting
nalogies to antigen-receptor capping because two
xxL sequences in the gE are very important and
ecause tyrosine phosphorylation is involved in biva-
ent antibody-induced viral glycoprotein capping. This
uggests that viral glycoprotein gE, together with gI,
ot only may act as an Fc-receptor but may be of
ignificant importance in transducing signals to the
nfected cell, which has subsequent effects on viral
lycoprotein distribution and cell shape.
MATERIALS AND METHODS
irus strains
PrV strains 89V87 [PrV (89V87)], Becker (Be), its gE-
eleted mutant (Be 91), and its mutant expressing a
embrane-anchored gE glycoprotein truncated just be-
ore the transmembrane region (Be 107) were used (Card
t al., 1992; Nauwynck and Pensaert, 1992; Tirabassi and
nquist, 1999). Further, Becker strains carrying point mu-
ations (with replacement of tyrosine by serine) at amino
cid positions 478 (Be 104) or 517 (Be 106) or both
ositions (Be 105) were used (Tirabassi and Enquist,
999). Bntibodies
Three weeks after challenge of pigs, which had been
accinated several times with a subunit vaccine (Gesky-
ur, Me´rial, France), with PrV (89V87), serum was col-
ected (Nauwynck and Pensaert, 1995) and immunoglob-
lin G (IgG) antibodies were protein A-purified and fluo-
escein isothiocyanate (FITC)-conjugated. To evaluate
he level of expression of gE on the plasma membrane of
nfected cells, a rabbit polyclonal antibody against gE
produced by a baculovirus expression system and
indly provided by Dr. Bienkowska-Szewczyk, Gdansk
niversity, Poland) was used.
ncubation of PrV-infected SK cells with porcine
nti-PrV polyclonal antibodies
SK cells were inoculated and incubated with bivalent
ntibodies as previously described (Favoreel et al., 1997).
riefly, SK cells were inoculated with PrV at a m.o.i. of 10,
ncubated on a tilting platform in siliconized bottles for
3 h, washed, and incubated for 2 h at 37°C with 0.5 mg
ITC-labeled PrV-specific IgG/ml. Afterward, cells were
nalyzed by fluorescence microscopy and fluorescence
istribution was scored as rim (homogenous distribu-
ion), patched (aggregated viral glycoproteins), or capped
viral glycoproteins forming a large aggregate at one side
f the cell, occupying ,50% of the cell surface). Caps
ere defined to be extruded when the viral glycoproteins
ormed an extracellular vesicle, becoming detached from
he cellular surface. Quantitative results were obtained
y analyzing the fluorescence distribution on $200 cells.
ll assays were run independently at least three times.
low cytometric analysis
Flow cytometric analysis was conducted with a Bec-
on-Dickinson (San Jose, CA) FACScalibur equipped with
15-mW air-cooled argon ion laser and interfaced to a
acintosh Quadra 650 computer (Apple Computer Inc.,
upertino, CA) using BD Cellquest software. At least
0,000 cells were analyzed for each sample, and for-
ard-scattered light versus side-scattered light dot plots
ere used to identify SK cell population.
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